Precise monitoring of the incoming photon flux is crucial for many experiments using synchrotron radiation. For photon energies above a few keV, thin semiconductor photodiodes can be operated in transmission for this purpose. Diamond is a particularly attractive material as a result of its low absorption. The responsivity of a state-of-the art diamond quadrant transmission detector has been determined, with relative uncertainties below 1% by direct calibration against an electrical substitution radiometer. From these data and the measured transmittance, the thickness of the involved layers as well as the mean electronhole pair creation energy were determined, the latter with an unprecedented relative uncertainty of 1%. The linearity and X-ray scattering properties of the device are also described. research papers J. Synchrotron Rad. (2018). 25, 407-412 Jeffrey W. Keister et al. Quadrant diamond transmission X-ray detector 411
Introduction
For many experiments using X-rays, and in particular those using monochromatized synchrotron radiation, the incident photon flux must be known or at least relative flux variations must be recorded. For this purpose, detectors for flux monitoring are required. In the ideal case, these detectors are permanently installed in the incoming beam. In the photon energy range above several keV, very thin semiconductor photodiodes are well suited as they are small, easy to operate and do not require cooling (Krumrey et al., 2007) . Because of its low absorption, diamond is a particularly attractive material for these transmission X-ray detectors (TXDs).
If responsivity and transmittance of a TXD have been determined with low uncertainties, not only the incident photon flux, but also the transmitted photon flux arriving at the experiment can be calculated. Furthermore, the properties of the detector itself can be deduced. The main parameters are the thicknesses of the involved layers (the semiconductor material as well as the front and back contacts) and the mean energy for electron-hole pair creation in the semiconductor, w. For diamond, only limited measurements of w have been available so far. For 5.5 MeV alpha particles, a pulse-height ratio of 3.61 AE 0.06 for different diamond samples relative to silicon suggests a w value of (13.1 AE 0.2) eV (Kozlov et al., 1975; Canali et al., 1979) . For continuous X-ray beams, several estimates have been published, namely: (i) a value of (13.25 AE 0.50) eV (Keister & Smedley, 2009) , consistent with subsequent results (Desjardins et al., 2014) , and (ii) a value of (13.05 AE 0.20) eV (Morse et al., 2008) . A determination with lower uncertainty, which accounts for incomplete collection efficiency, is presented in this paper. 
Experimental
As diamond material and processing improves towards the state of the art, TXDs of this material have become available. This investigation reports the performance of a commercially available thin, ultrahigh-purity, single-crystal diamond sensor with platinum surface electrodes. Basic features include: <5 parts per billion substitutional nitrogen content, high crystal quality (tested by X-ray topography and visible-light polarimetry), thin plate ($ 50 mm or less), and thin ($ 30 nm) non-Ohmic platinum contacts, prepared using dead-layer-free surface oxidation pre-treatment (Muller et al., 2014) . Platinum is used because of its robustness to oxidation and its ability to form a blocking (Schottky) contact on diamond; this is important for avoiding photoconductive gain which can result from hole injection into the metallization in the event of localized charge trapping in the diamond . Plates are 4 to 4.5 mm square, providing an active area of $ 3 mm diameter. Contact patterning provides measurements of beam position (a quadrant pattern is provided on one surface of the sensor, with a common bias contact on the reverse). The high-purity sensor is non-doped, therefore an applied bias (10 V, providing $ 0.2 MVm À1 field) is used to collect a photo-induced charge for an electrical performance similar to silicon photodiodes. The development and demonstration of similar detectors is reported elsewhere (Keister & Smedley, 2009; Berdermann et al., 2010; Muller et al., 2010 Muller et al., , 2012 Desjardins et al., 2014) .
All measurements of responsivity and transmittance were performed in the laboratory of the Physikalisch-Technische Bundesanstalt (PTB), the German National Metrology institute, at the synchrotron radiation facility BESSY II in Berlin, Germany (Beckhoff et al., 2009) . The four-crystal monochromator 'FCM' beamline covers the photon energy range from 1.75 to 10 keV, providing radiation with high spectral purity -total relative higher harmonic power below 10 À4 (Krumrey & Ulm, 2001) . The TXD was placed on an X-Y stage in ultra-high vacuum and electrically connected to a calibrated Keithley 617 Electrometer, which was also used to determine the TXD shunt resistance of 0.4 P; the typical dark current at 10 V operating voltage is $25 fA.
The transmittance was simply obtained by flux measurements using a silicon photodiode with and without the TXD in the beam. Transmission and responsivity were measured simultaneously for each sample location in steps of 5 eV below 3400 eV, and in steps of 100 eV above this photon energy. Representative values for the fitting were collected near the center of one contact, far from contact edges. To obtain the responsivity with the lowest uncertainties, the TXD was directly calibrated against a cryogenic electrical substitution radiometer (Gerlach et al., 2008) . This primary detector standard allows the measurement of radiant power in the 10 À9 to 10 À4 Watt range, by proven equivalence to electrical heating power, which can easily be determined from electrical measurements.
Responsivity and transmission measurements, and analysis
The measurements of the responsivity s and the transmittance T are made within a single element of the quadrant-patterned device to avoid transition areas. The overall model functions, which explicitly take into account the transmission-defined thickness and collection efficiency are:
where E Ph is the photon energy; U the applied bias voltage; " the charge collection efficiency; t Pt_f , t Pt_b and t dia the thicknesses of the platinum front contact, platinum back contact and the diamond substrate, respectively; Pt and dia the absorption coefficients for platinum and diamond, and en,dia the mass energy-absorption coefficient for diamond (each coefficient is the product of the cross section and the density). The photon cross sections shown in Fig. 1 are taken from the XCOM Photon Cross Sections Database (Berger et al., 2010; Hubbell & Seltzer, 2004) . It is worth noting that total attenuation of X-rays by diamond exceeds the energy absorption by up to 13% at the highest photon energies used in the study (10 keV), owing to non-absorptive Compton scattering. Both terms are therefore used in the model at all energies. To calculate the absorption coefficients, densities for diamond and platinum are taken as 3.51 and 21.45 g cm -3 , respectively.
The photon energy and bias dependent charge collection efficiency " is determined from bias scans at several representative photon energies. While only a small bias is required Photon cross sections for platinum (electrical surface contacts) and carbon (diamond sensor) from the literature (Berger et al., 2010; Hubbell to attain significant response (e.g. 1 V yields no less than an 80% relative response for the energies probed here), additional bias continues to increase the responsivity asymptotically. This behavior is well approximated by a bi-exponential function, with an $ 90% or more contribution from the shortrange (up to $ 1 V) behavior, and the remainder with an extended range ($ 30 V). The long-range contribution is more pronounced for the higher photon energies, as shown in Fig. 2(a) . The bi-exponential behavior observed is consistent with the model of Hecht for the field-dependent efficiency of electron and hole collection (Hecht, 1932) . With positive bias on the exit contact, holes are collected at the entrance, traveling further, on average, at higher photon energies. A fit of these functions reveals the extrapolated value of the ultimate responsivity, to which the responsivity at a nominal bias (e.g. 10 V) can be compared.
As we apply a consistent 10 V bias for all subsequent responsivity measurements, the 10 V relative collection efficiency shown in Fig. 2(b) is estimated for use at the full range of photon energies by making use of a simple relation:
where the constants c 10a and c 10b are coefficients relevant to the 10 V relative efficiency, and fit to the data at the discrete test energies with a relative error of 0.2% or less. The effect of the electric field being insufficient for a full charge collection at a 10 V bias is seen to have a maximum impact of up to 7.9% responsivity reduction at a photon energy of 10 keV. The collection efficiency function accounts for this in the overall responsivity model. We note that this bulk recombination loss, with its characteristic bi-exponential behavior, is consistent with bulk recombination (Almaviva et al., 2010) , and distinct from surface recombination . The remaining parameters (w, t Pt_f , t Pt_b and t dia ) in equations (1) and (2) are obtained by the simultaneous fitting of the measured responsivity and transmission curves using the overall models, with the results shown in Fig. 3 Relative collection efficiency (a) as a function of bias for several photon energies, and (b) as a function of photon energy at 10 V bias including the model function.
Figure 3
Measured and modeled transmission (a) and responsivity (b) for the TXD using equations (1) and (2) as well as the collection efficiency according to equation (3). Table 1 Parameter values and uncertainties determined from the simultaneous fitting of the transmission and responsivity data shown in Fig. 3 .
Parameter
Fit value and uncertainty estimate w 12.82 AE 0.13 eV t Pt_f of absorption in the diamond substrate, while the sharp features in the responsivity above 2 keV are due to the absorption in the Pt front contact. The four parameters obtained from the fit are shown in Table 1 .
Uncertainty estimates for the fit parameters are provided for 68% confidence level (AE1), obtained from variations applied in a number of ways (offset, slope and random) to the measurements and cross sections. The obtained uncertainty estimates for the fit parameters are limited mainly by the relative uncertainty of $ 1% in the measurements, and, to a lesser extent, the $ 2% uncertainty in the cross-section data (Hubbell, 1999) . The fit parameters refine previous estimates for w as well as laboratory estimates of the relevant thickness values.
Spatial uniformity and linearity
An X-ray beam of about 0.1 mm Â 0.1 mm was used to probe the spatial uniformity of transmittance and responsivity at different photon energies. The data for 7 keV are shown in Fig. 4 .
The transmittance is enhanced at the 38 mm gap or 'street' between adjacent platinum contacts of the quadrant pattern. The effects at the edges are consistent with cropping and/or reflection of the beam by the holder, and possible underfilling of the aperture with the diamond plate. Within the quadrant areas the transmittance is quite uniform, within 1 to 2% over the active surface as seen in Fig. 4(b) . The responsivity data show a gradual gradient of response, on the order of 3 to 4% over the active surface as seen in Fig. 4(c) . This feature is also observed at other test photon energies, and may be an indication of the crystal quality; slight degradation near the plate edges can occur during growth or polishing .
The transmittance enhancement in the gap correlates with increased responsivity at lower photon energies and reduced responsivity at higher photon energies. At lower photon energies, the lack of metal gives a significant increase in absorption, and the charge (generated near the incident surface) is rather efficiently collected, drifting little before significant diffusion can occur. At higher photon energies, the metal thickness is less important to absorption, but the charge is less efficiently collected, having been generated deeper in the diamond, and experiencing a reduced field in the gap between incident electrodes.
The responsivity is expected to be independent of the incident flux. This linearity is tested by a method similar to that provided earlier . In this method, the beamline optics are used to vary the incident flux over several orders of magnitude while the illuminated area varies by less than a factor of two, thus the flux density is truly varied. Good responsivity linearity is observed, with a variability within AE 0.5% over two decades of incident power (roughly 0.1 to 10 mW mm À2 ), at three photon energies, as shown in Fig. 5 . Earlier demonstration of linearity for this type of sensor has exceeded six decades, with variability within roughly 20% (Bohon et al., 2010) . Quadrant structure (a), relative transmittance (b), and relative responsivity (c) at 7 keV photon energy. Details are provided in the text.
Scattering performance
While diffraction artifacts affecting spectroscopy can be dealt with using focusing optics (Ravel et al., 2013) , the TXD should not contribute significantly to the scattering background. This is especially important for small-angle X-ray scattering (SAXS) measurements of weakly scattering biological samples and for anomalous scattering (ASAXS), where small variations of the scattered intensity close to absorption edges are evaluated (Hoell et al., 2014) . The scattering from the TXD has therefore been measured at the same beamline using the SAXS set-up of the Helmholtz-Zentrum Berlin (HZB) (Gleber et al., 2010) . In Fig. 6 , it is compared with the scattering from a thin SiN window and with a silicon-based TXD (Cruz et al., 2015) . Despite the much thicker substrate, the diamond TXD produces up to three orders of magnitude less scattering than the silicon-based device in the q-range below 0.1 nm À1 . However, it scatters more in the q-range above 0.1 nm À1 , which makes a reduced diamond thickness or a better surface finish desirable. The quadrant patterning of the diamond TXD produces strong artifacts which can be avoided by making use of sensor regions with uniform metallization.
Conclusion
Recent development of single-crystal diamond X-ray detectors has yielded devices with reliably linear and spatially uniform performance. Low dark current and low scattering at very small angles make these materials attractive for beam flux and position measurements. Quantitative flux measurements can be performed away from metallization gaps and plate edges. To further increase the transmittance, and thus the usable photon energy range towards lower photon energies, thinner diamond substrates and thinner platinum contacts would be beneficial. However, the quantitative analysis of transmittance and responsivity of the demonstrator TXD already provides a refinement of the mean electron-hole pair creation energy for diamond with very low uncertainty.
Figure 6
Scattered intensity (in arbitrary units, to allow direct comparison) of the diamond TXD compared with a silicon-based TXD and a thin SiN window.
Figure 5
Responsivity variation with power density, in the range of roughtly 0.1 to 10 mW mm À2 .
